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The vast majority of stars with mass similar to the Sun are expected to only destroy lithium
over the course of their lives, via low-temperature nuclear burning. This has now been sup-
ported by observations of hundreds of thousands of red giant stars1–5. Here we perform the
first large-scale systematic investigation into the Li content of stars in the red clump phase
of evolution, which directly follows the red giant branch phase. Surprisingly we find that
all red clump stars have high levels of lithium for their evolutionary stage. On average the
lithium content increases by a factor of 40 after the end of the red giant branch stage. This
suggests that all low-mass stars undergo a lithium production phase between the tip of the
red giant branch and the red clump. We demonstrate that our finding is not predicted by
stellar theory, revealing a stark tension between observations and models. We also show that
the heavily studied1, 2, 4–6 very Li-rich giants, with A(Li) > +1.5 dex, represent only the ex-
treme tail of the lithium enhancement distribution, comprising 3% of red clump stars. Our
findings suggest a new definition limit for Li-richness in red clump stars, A(Li) > −0.9 dex,
which is much lower than the limit of A(Li) > +1.5 dex used over many decades1, 5–9.
The origin of giant stars highly enriched in lithium has been, and still is, a long-standing
mystery1, 2, 5, 10, 11. Stellar lithium abundance is defined by A(Li), which is the logarithmic abun-
dance of lithium: A(Li) = log10(n(Li)/n(H)) + 12, where n(Li) and n(H) are the number densities
of Li and H atoms. Stellar models predict lithium abundances in low mass (< 2 M) red giant
branch (RGB) stars to be not more than A(Li) ∼1.5 dex12, due to depletion through the various
evolutionary phases prior to this. Li-rich giants have therefore been defined as giant stars with
A(Li) > 1.5 dex. However, until recently, the exact evolutionary phase of Li-rich giants was un-
known. Thanks to the advent of large-scale stellar surveys13, 14 and asteroseismic observations15, 16,
it has now become clear that the vast majority of Li-rich giants are not in the RGB phase, but in the
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stage of evolution directly after: the core-helium-burning ‘red clump’ phase (RC)3–5, 17. This new
development raises a question: What value of A(Li) should be treated as normal among red clump
giants? Or, in other words, what value of Li abundance qualifies RC giants to be categorised as
Li-enriched?
To investigate this we compiled a database of 225,580 low-mass stars with quality surface
temperatures from the Galactic Archaeology with HERMES (GALAH) survey’s data release 2
(DR2)14 and accurate luminosities from the Gaia survey’s DR218 (see Methods for more details).
In Figure 1 we show this dataset, which was used to select our red clump (RC) sample (‘RC box’
in the figure). There is the possibility of contamination of this sample with red giant branch (RGB)
stars since some RGB stars could overlap in the selected region of the HR diagram. To estimate
the level of RGB star contamination requires knowledge of the evolutionary phases of the stars,
through an independent method. To quantify the contamination we compared our RC box sample
to a catalogue19 of inferred asteroseismic parameters that were derived using spectra from the
LAMOST13 and APOGEE20 surveys. We found 203 stars that overlap with our GALAH sample.
The overlap sample is shown in the asteroseismic ∆P − ∆ν (period spacing - large frequency
separation) diagram in Figure 2. Stars with ∆P & 80 seconds are considered RC stars15, and the
giants in the very narrow strip with ∆P . 80 seconds are RGB stars16. As shown in Figure 2,
the vast majority of the stars are in the RC phase, as they are well above the RGB limit of ∆P
values. We confirm that the RGB contamination is low, with only 10% of our GALAH RC box
sample (Figure 1) found to be RGB stars. It is interesting to note that regardless of the degree of
contamination it is clear from Figure 3 that practically all stars – in all phases of evolution – have
higher A(Li) than the RGB tip. This naturally includes all RC stars.
Figure 3 shows our sample from Figure 1 limited to stars with reliable lithium abundances
(107,776 stars), in the lithium-luminosity plane. Overlaid is the RC sample (9,284 stars; 26,751
stars in total are giants, with log(g) < 3.1). Here the various lithium destruction phases can be
seen. Observationally we can see that our sample of low-mass stars generally start at the main
sequence turnoff with A(Li) ∼ 2.5 dex, then suffer depletion through the first dredge-up as they
become red giants12, moving from the left to right in this figure. This depletion is due to dilution
as the envelope deepens and mixes up interior material heavily depleted in Li. After this the Li
depletion rate slows, until the stars reach the RGB bump, at a luminosity of log10(L/L) ∼ 1.6,
where they start rapidly depleting Li again. This time the depletion is caused by Li destruction in
the stellar envelope, through ‘deep mixing’. Deep mixing is a well-studied phenomenon whereby
some proton-capture nucleosynthesis occurs just below the bottom of the giant star’s convective
envelope, destroying Li through the 7Li(p, α)4He reaction. Theoretically it is modelled as thermo-
haline mixing21, 22, a slow overturn of material that exposes Li to high enough temperatures to burn.
This Li-destruction region connects to the convective envelope and hence the surface, where we
observe the depletion. Deep mixing has been particularly well studied in globular clusters, which
provide relatively homogeneous sample of stars useful for validating stellar models23–26. Previ-
ous work with globular clusters has led to this well established theoretical understanding of deep
mixing21, 22, 24.
The signature of deep mixing is clearly evident in our data, as Li drops from A(Li) ∼
+0.5 dex at the RGB bump to A(Li) ∼ −0.5 → −1.0 dex at the RGB tip (Figure 3). The tip
value is not well defined in our sample, since it does not contain the brightest stars, stopping about
0.5 magnitudes below the tip. After the RGB tip stars rapidly contract, evolving down in lumi-
nosity to the RC where they quiescently burn helium for about 100 million years. In the absence
of a Li production mechanism it would be expected that the RC stars should show the same Li as
the RGB tip, so the RC stars should lie directly below the RGB tip in the Li-luminosity diagram.
To check this against theoretical expectations we calculated a set of solar-mass, solar-metallicity
stellar models using the MESA code27. Models with these parameters are representative since the
mass of the giant stars in Figure 3 peaks at 1.0 M (σ = 0.4 M), while the metallicity peaks at
[Fe/H] = −0.1 dex (σ = 0.2 dex). The models included thermohaline mixing on the RGB and
were initialised to match the observed abundance of Li at the main sequence turn-off (A(Li)∼ 2.5,
Figure 3), after normal pre-main-sequence Li destruction. We found that a thermohaline mixing
efficiency27 of αthm = 100 was required to match the late RGB Li depletion. Our αthm = 100
model reproduces the various observed phases of Li depletion well (dashed line in Figure 3). At
the RGB tip the model has A(Li) = −0.9, consistent with our observational data. As expected,
the model then drops sharply in luminosity to the level of the RC, whilst maintaining the RGB tip
A(Li). Shortly after, as the star evolves along the RC, Li is depleted further, with A(Li) = −1.3 dex
by the end of the RC evolution.
Turning our attention to the observed RC distribution, we find that it is peaked at A(Li) =
+0.71 dex (σ = 0.39). The vast majority of stars (within 2σ) lie in the range of A(Li) = −0.07→
1.49 dex. This is clearly very different to the model prediction for the RC, where the range is
−0.9→ −1.3 dex. The minimum difference between the model prediction (at the start of the RC)
and the observed RC peak is 1.6 dex – or a factor of 40 (Figure 3). This is a very large discrepancy
between models and observations.
This observed RC Li distribution also highlights the rarity of the so-called ‘Li-rich giants’,
with A(Li) > 1.5 dex, which have been the focus of the majority of the lithium in giants literature
to date1, 2, 4–6, 11. In our RC sample we find that 3.0% of stars are above this limit (275 out of
9284 stars). In Figure 3 it can be seen that the commonly accepted value for defining Li-rich
stars of A(Li) > 1.5 dex is appropriate for lower RGB stars. However it is clearly not valid for
more evolved stars, as has been noted before26, because of the strong Li depletion suffered by
stars as they evolve up the RGB. The limit is particularly inappropriate for RC stars, which, as
detailed above, should be taken as the RGB tip value of A(Li) > −0.9 dex. This proposed limit
for Li-richness in RC stars is 2.4 dex below that of the traditional limit which has been used for
decades1, 2, 5. We stress that this limit should be used in preference over the old one since it is now
clear that Li-enhancement is primarily confined to the RC phase4, 5, 17.
Observations of RC stars in open star clusters (OCs) lend support to our finding8, 28. A recent
study investigated lithium abundances in a sample of OCs at high spectral resolution8. Although
OCs tend to host more massive stars, three of the studied OCs have stellar populations that can be
considered low-mass, within our sample’s mass range (M < 2.0 M). Remarkably, all three of
these OCs were found to have average RC lithium abundances of A(Li) > +0.5 dex. We include
these observations in Figure 3 for comparison with our RC sample. Evolved RGB stars are rare
in OCs, but there is some evidence that Li depletion along the RGB also occurs in OCs29. The
recent high-resolution study, mentioned above, observed at most one evolved RGB star amongst
their three OCs (this star could be either an RGB or AGB star). It was found to have a lithium
abundance of A(Li) . −0.95 dex. If this an evolved RGB star, then this would be quantitatively
consistent with the finding for evolved RGB stars in our large sample (A(Li) . −0.9 dex), and
also with evolved RGB stars in globular clusters26. In summary, we speculate that a very similar
level of Li enrichment is also occurring in open cluster stars between the RGB tip and RC phase.
Clearly more observations of evolved RGB stars in OCs are needed.
The discovery reported here, that all low-mass RC stars are enhanced in lithium – contrary
to expectations from stellar theory – suggests that some physical process is missing in the stellar
models. It is clear from our data that a lithium production phase must occur at some time between
the RGB tip and the RC phase. This places strict constraints on the possible mechanism. Critically,
it appears to be a standard event, occurring in all low-mass stars. We note that our model in
Figure 3 undergoes a slight Li production phase at the very top of the RGB. A(Li) only increases
by 0.1 dex, but it may represent a clue as to a possible Li-enrichment mechanism and deserves
further investigation. Finally, the existence of a tail of very Li-rich stars in the RC distribution,
which are the traditional Li-rich giants (A(Li) > 1.5 dex), suggests that the Li production event
may be variable, or that there are other mechanisms5, 30 for occasionally producing such extreme
Li abundances.
Methods
Sample Selection Assigning evolutionary phases to individual field stars unambiguously has been
a long-standing problem. This is particularly difficult for the stars in the RC phase, since they
lie close to the red giant branch in the Hertzsprung-Russel diagram2, 15. One of the best ways
to resolve this issue is to have a sample of giants from star clusters as they have the same age
and metallicity, and its members define stellar phases accurately in the Teff-luminosity (or color-
magnitude) diagram. However, measurements of Li abundances of cluster stars systematically
covering all the phases of low-mass giant evolution, such as the first dredge-up, luminosity bump,
upper RGB, and the red clump, are currently lacking. So far studies of Li in globular clusters
have focused primarily on the RGB, covering from the luminosity bump to the upper RGB25, 26. In
open clusters some RC populations have been investigated8, 28 (Figure 3 includes some open cluster
results), however very few evolved RGB stars have been observed, largely due to their rarity. An
alternative to this approach is to employ large stellar datasets of field stars, since the number of
stars can be large enough to discern all the key evolutionary phases.
In this study we take advantage of the large abundance data set from the GALAH spectro-
scopic survey DR214. The GALAH data is unusual in that it is a high-resolution survey, and thus
has abundance measurements of higher precision than most of the other large surveys. Since its
release, GALAH DR2 spectroscopic abundances have been subjected to a number of studies in-
cluding Li abundances in RGB stars3, 31. The GALAH catalogue contains stellar parameters and
elemental abundances, including Li, which has been corrected for departures from local thermody-
namic equilibrium14, for a large number of stars based on spectra with a resolution of R ≈ 28, 000.
The catalog also includes flags indicating reliability of the measurement of each derived parameter.
Reliability of stellar parameters are flagged as flagcannon = 0 to 9, zero being the most reliable. We
adopted only the data for which flagcannon = 0. We further limited the sample to low-mass giants
with stellar mass, M ≤ 2.0 M. Masses were estimated using the standard formula:
log(M/M) = log(L/L) + 4 log(Teff/Teff) + logg − logg
where Teff = 5777 K and log g = 4.44 are our adopted solar values. For each star we used the
Teff and log g values from the GALAH catalogue, whilst the luminosity values were taken from
Gaia DR2 astrometry18. The above criteria gave a sample of 225,580 low mass stars with reliable
stellar parameters which we use to identify the red clump region (see Figure 1).
Measured Li abundances in Galah DR2 have a flag index ranging from 0 to 8, with zero being
the most recommended, 1 for values derived with 2σ accuracy, 2 for values derived from a (usually
reliable) estimate from The Cannon (a data-driven method for determining stellar parameters and
abundances from spectroscopic data)14, and 3 for values having flags 1 and 2. We restricted our
Li abundance data to flag values less than or equal to 3, with the additional constraint that the
measurement errors be≤ 0.3 dex. With these criteria, we have a total sample of 107,776 low-mass
stars with reliable stellar parameters and Li abundances (Figure 3). A subset of these are RC stars
(9,284 stars).
Detectability and Reliability of Galah Lithium Measurements:
The 6707 A˚ Li line can become so weak it is not detectable. The point at which the line is
not measurable depends on a range of factors: Teff , surface gravity, signal-to-noise ratio, spectral
resolution, and the Li content itself. We have investigated possible bias in our RC sample that may
have arisen through our process of excluding stars with non-optimal measurements (see Sample
Selection above).
The Galah DR2 catalog provides Li abundances for all stars. It also provides flags for abundance
measurement quality. As detailed above, our final sample is based on higher-quality data from
Galah DR2. Specifically we limited the sample based on (i) quality stellar parameters (flagcannon =
0), and (ii) quality Li measurements (flagLi ≤ 3 and errLi < 0.3 dex). The first step should not
bias the lithium distribution, and it restricts the sample to reasonable data, however the second step
could have excluded many upper limit measurements (limits are not explicitly flagged in Galah
DR2). First, to determine what proportion of stars was excluded we removed the lithium quality
constraints. In Extended Fig. 1 we show this raw sample (50,690 giant stars) along with the sample
used in Figure 3 (26,751 giants). From these numbers it can be seen that a large proportion,∼ 47%,
of giants were excluded due to non-optimal A(Li) measurements.
In Extended Fig. 1 we also include the Li versus Teff detection limits. These limit curves were
computed by considering the uncertainty in equivalent width (EW) measurements using a theo-
retical relation32, adopting Galah SNR (50 − 100) and spectral resolution (R ∼ 28, 000). We
estimated a detection limit of EW = 3− 5 mA˚, changing with SNR. We then synthesised a grid of
spectra, using the code MOOG33, for a range of Li abundances (to vary line strength), a range of
Teff (4000 − 5200 K), and a range of gravity (1.7 − 3.1 dex). The limit curves reveal (Extended
Figures 1 and 2) that only a tiny proportion of the excluded stars had A(Li) below the (nominal)
detection threshold (< 2% at 5 mA˚; we note that some spectra have much higher SNR than con-
sidered in our test). The proportion is slightly lower for the RC sample (∼ 1%). We also show the
limits compared to the distribution of A(Li) at different stages of sub-sampling (Extended Fig. 2).
This figure clearly shows again that we are not missing a significant number of very Li-poor stars
due to upper limits (the stars are rejected for other reasons). It also shows that our final high-quality
sample is representative of the larger sample. This reinforces our result that the RC Li distribution
is indeed peaked well above the RGB tip value. Crucially the RC peak we find, at +0.7 dex, is
much greater than the Galah RC detectability limit.
We made further checks to test the Galah Li abundances, using independent data from the litera-
ture. Firstly, as shown in Figure 3 and Extended Fig. 3, observations of RC stars in open clusters
show a very similar high peak in A(Li). Although many of the OC stars have upper limit measure-
ments, 40− 50% of them are confirmed measurements. This shows that there is a large proportion
of open cluster RC stars that have relatively high Li. In a second test we cross-matched the entire
Galah DR2 catalogue with the high-resolution Gaia-ESO survey34 (their DR3). We found Galah
Li values to be very reliable, with an average offset of only +0.06 dex (σ = 0.37; see Extended
Fig. 4). Amongst the overlap sample we found two RC stars. In addition we cross-matched Galah
DR2 with the LAMOST survey13. Here we also found two RC stars. LAMOST does not pro-
vide Li abundances so we derived our own Li abundances4, 35. We find these stars to both be very
Li-rich due to the fact that LAMOST is a low-resolution survey, so only very Li-rich stars can be
detected5. Although there are only 4 RC stars in these cross-matches, they also all show excellent
agreement with Galah (Extended Fig. 4). Finally, as also shown in Figure 3, we made a com-
parison with a sample of RC stars with evolutionary state confirmed asteroseismically using data
from the Kepler space telescope36. This sample has Li abundances based on very high resolution
spectra37. Limiting the Kepler sample to our [Fe/H] range we found 28 RC stars for comparison
(displayed individually in Extended Figure 3). This literature sample was also peaked well above
their detectability limit, and above the RGB tip value that we find. Crucially only one out of the
28 measurements is an upper limit in this case, so this shows the true distribution of their sample,
which is quite broad (error bar in Figure 3; see also Extended Fig. 3). We note that this sample was
drawn from a single Kepler pointing (the original Kepler mission), so it is a biased stellar sample.
In summary, all the evidence above strongly suggests that the public data we have used for
Li abundances, the Galah data release two14 (DR2), are reliable.
Stellar Model Initial Lithium Abundance:
We chose the lithium abundance of our stellar model to match the peak of the Galah Li
distribution at the main sequence turn-off (MSTO). Galah shows a wide range of A(Li) at the
MSTO (Figure 3). This wide range is typical of field populations and the Galah sample is consistent
with previous studies38, 39. We note that our model in Figure 3 included pre-main-sequence (PMS)
destruction. This destruction amounted to ∼ 0.2 dex, so the initial pre-main-sequence model
abundance used was A(Li) = 2.80 dex.
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Figure 1: Hertzsprung-Russell diagram of the Galah DR2 sample used to locate the red clump
stars. The small rectangle marks our red clump box region. It coincides with the high number-
density contours around the red clump, avoiding the RGB bump overdensity just below. The
colour scale is linear and represents the number density of stars, a darker colour indicating a higher
density. The contours reflect the same density scale. The RC box covers a narrow luminosity range
log(L/L) = 1.55 → 1.85 and surface temperature range Teff = 4650 → 4900 K. The RC box
limits match well with theoretical predictions of the core He-burning phase for low-mass stars40.
Only stars with high quality surface temperature determinations (with Galah flagcannon = 0) and
with masses < 2.0 M are used, giving a total sample of 225,580 low-mass stars in the diagram.
Luminosities are from the GAIA DR2 catalogue18, whilst the surface temperatures are from the
Galah DR2 catalogue14.
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Figure 2: Asteroseismic properties of giant stars. Blue symbols show the overlap of the Galah
sample with an asteroseismic parameter catalogue19 (inferred parameters; based on LAMOST and
APOGEE spectra). Red symbols are Kepler RGB and RC stars with direct asteroseismic measure-
ments (Vrard+16 RC and Vrard+16 RGB, respectively)16. The contamination of RGB stars among
blue symbols is 10%. The histograms at the right show the distributions of ∆P in each dataset,
with corresponding colours.
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Figure 3: Our Galah stellar sample in the lithium-luminosity plane. The sample is based on Fig-
ure 1, but is limited to stars with reliable Li determinations (Galah flag[Li/Fe] ≤ 3, and errors of
A(Li) < 0.3 dex). The sample has 107,776 stars (’Full Galah sample’). The colour scale for this
sample represents the number density of stars, a darker colour indicating a higher density. This
diagram shows the change in abundance of lithium as the stars evolve. It can be seen that stars
at the RGB tip (top right) have the lowest Li abundances, since stars generally deplete Li during
their evolution. Stars in all other phases of evolution have A(Li) greater than the RGB tip. The RC
stars, which were identified in the Figure 1 RC box, spread out in A(Li), forming the band of stars
at the RC luminosity. This RC band is highlighted by the blue-to-red number density colour scale,
where blue represents highest density. It can be seen that the number density of RC stars, which
is peaked at A(Li) = +0.71 dex (σ = 0.39 dex; ‘Observed RC’). This contrasts strongly with
the model prediction (black dashed line) for the RC location, which begins at A(Li) = −0.9 dex,
and then reduces further (‘Model RC’). It is clear that the model does not match the observed RC
distribution, with a difference of ∆A(Li) = 1.6 dex (factor of 40). The solid vertical line rep-
resents the canonical first dredge-up Li upper limit12 (A(Li) > +1.5 dex) used for defining the
classical Li-rich giants. These stars represent only the tail of the RC distribution, lying outside
2σ of the mainstream RC lithium distribution. Shown for comparison are average Li abundances
for RC star samples in three open clusters (NGC2204, NGC2506, and Collinder 110), taken from
the literature8. The typical 1σ range of A(Li) in these samples is ∼ 0.2 dex. These OC stars have
masses within our sample’s range (M . 2.0 M), and have metallicities from solar to −0.41 dex.
Also shown for comparison is the average Li abundance from a sample of RC stars taken from
the Kepler space telescope’s original field of view37. The horizontal error bars show the 1σ A(Li)
range of the sample. These independent samples support our finding. See Extended Fig. E3 for
the individual star abundances of the literature samples. The stellar model was computed with the
MESA stellar code27, with parameters: initial mass = 1.0 M, [Fe/H] = 0.0, and thermohaline
mixing efficiency27 αthm = 100.
Figure E1. Li vs Teff of giants (log(g) < 3.1). The Galah sample is shown without reduction by
lithium quality flag (dark grey crosses, 50,690 stars), and with Li quality flag as used in manuscript
(light grey crosses, 26,751 stars). The respective red clump (RC) sub-samples are highlighted by
blue and cyan symbols. Our Li detection curves, computed using spectral synthesis, are shown by
the solid lines (see text for details). It can be seen that the vast majority of stars, in all samples, are
above the detection limits. See also Extended Figure E2, which provides a cross-section histogram
of this diagram in the red clump Teff range.
Figure E2. Histograms showing number of giant stars per A(Li) bin. The stellar sample has
restricted Teff = 4650 − 4900 K, which matches our RC Teff range. We have not restricted the
samples in any other way, that is, they contain all stars in this range, regardless of evolutionary
state (RC or RGB). The largest sample is the full Galah DR2 (35,800 stars), the next largest is the
sample for manuscript Fig. 1 (27,847 stars), and the smallest is from our manuscript Fig. 3 sample
(15,469 stars). The vertical lines show our computed detectability limits (see Extended Fig. 1, and
text for details). It can be seen that the bulk of the distribution is well above the detection limit,
and that the location of the peak is unchanged through each sub-sampling.
Figure E3. Li vs Luminosity of giants. Color gradient shows the temperature distribution. Red
circles are Kepler RC stars, with the lower-Li sample36, 37 and super-Li-rich sample4 taken from
separate studies. Light blue circles are individual RC stars from open clusters8. Li detection limits
computed for GALAH and the lower-Li Kepler RC sample are shown in blue and red dashed lines,
respectively. It can be seen that the peaks of these literature distributions are much higher than the
RGB tip value of ∼ −1.0 dex, as found in our Galah sample. The peaks are also well above the
respective detectability limits.
Figure E4. Comparison of lithium abundances between Galah DR2 and Gaia-ESO survey34 DR3
(‘GES’). A total of 78 stars were found in common (circles). A very slight offset between Gaia-
ESO and Galah is found: +0.059 dex (σ = 0.37). The common sample includes two red clump
stars, indicated by squares. These RC stars straddle the peak of the Galah RC distribution at
A(Li) = 0.71 dex. Also shown are two RC giants found in a cross-match between Galah DR2 and
the LAMOST survey13 (triangles). As LAMOST is a low-resolution survey, Li is only detectable
in very Li-rich stars. The colour gradient shows the temperature distribution.
